MEASUREMENT OF ELECTRON-ION RECOMBINATION
Recombination between electrons and positive ions has been studied semi-quantitatively over a period of years. In the present experiment, microwave techniques are used to obtain quantitative measurements of recombination coefficients for a number of monatomic and diatomic gases.
I. Experimental Method
The recombination is measured by observing the decay of electron density from an initially ionized gas. The details of the method have been described in an earlier paper (1) . The electron density is determined from the change in resonant frequency of a microwave cavity enclosing the electrons. Under proper experimental conditions, the change of resonant frequency v is linearly proportional to the electron density within the cavity
where v is the resonant frequency of the cavity containing electrons, v 0 is the resonant frequency of the cavity in the absence of electrons, C is a geometrical coefficient which takes into account the distribution of electrons and electric field within the cavity, and n_ is the average electron density within the cavity.
The gas sample is contained in a quartz bottle placed within a TM 0 1 0 -mode cavity which is resonant at approximately 3000 Mc/sec. An electrodeless discharge is produced within the bottle by the application of a large microwave field to the cavity by means of a magnetron. The discharge is terminated by turning off the magnetron, and the electrons and ions remaining come to equilibrium with the gas in less than 50 sec. Their energies from this time on are therefore thermal. If the gas pressure is sufficiently high, the diffusion loss of electrons and ions to the walls of the bottle will be small compared to the loss by volume recombination. As a result, the electron density decays with time in a manner characteristic of recombination loss. We determine the decay of electron density during the interval by measuring the resonant frequency of the cavity as a function of time.
II. Measurements
The rate of removal of electrons or ions by recombination is given by an_ an+ at = at = -an+n where n refers to charge density and a is the recombination coefficient. Under experimental conditions n+ --n , so that we have an 2 wo = -an whose solution is
where n o is the electron density at time t = 0.
Experimentally, it was found that plots of 1/n vs. t were linear, and it was concluded that recombination was taking place. The recombination coefficients obtained from the data were several orders of magnitude greater than those previously reported in the literature. To test the hypothesis that recombination was taking place, a search was made for light emitted from the ionized gas after the ionizing field was removed. An afterglow was found which lasted for more than 4000 ,sec after the discharge was terminated. This prolonged afterglow is most simply explained on the basis of radiative recombination.
III. Recombination in Monatomic Gases
The results of measurements of electron removal in helium have been presented previously (1) . The value of the recombination coefficient at an electron temperature T = 300°K was found to be 1.7 x 10 -8 cc/ion-sec. The value was obtained with several different samples of helium and is believed to be accurate to 5 percent.
Nconn hn~c hcn~ etlliorl mact nvtncia~rol fr~ twx,v bination as a function of energy, which will be dis- The variation of the recombination coefficient with pressure was studied first. At T = 300'K, there was no observed variation over the range p = 15 mm Hg to 30 mm Hg. The value of a is 2.07 + 0.05 X 10 -7 cc/ion-sec.
Next, the variation of a was studied over a temperature range from T = 300°K to 410'K.
No change in a with temperature was found. (The maximum change observed was 5 percent but did not follow a consistent trend. )
No variation having been found in the recombination coefficient at elevated temperatures, the behavior of a as a function of pressure was studied at the temperature of dry ice (195°K) and liquid nitrogen (770K). At 195°K, no variation in a with pressure was found, and the value of a was found to be the same at 195°K as at 300°K. At 77°K, a change in the behavior was noted. The value of the recombination coefficient increased with increasing pressure; at low pressures the value of a approached the same value as Ttl .-
IV. Recombination in Diatomic Gases
Over the measured range, the recombination coefficient for hydrogen is found to be independent of pressure at T = 300°K. The results are shown in Fig. 5 . Studies of the energy dependence of a for hydrogen in the temperature range from 303 0 K to 413°K
indicate that a varies as 1/Tk where the value of k is between 0.8 and 0. 9.
The recombination coefficient for nitrogen is 30 I .... to ground state are sufficient to account for their observed value. In the present experiment, we do not arrive at this conclusion. We shall calculate the recombination arising from the transitions of electrons into the highest excited states by computing the continuous radiation emitted by an electron accelerated in the field of the ion.
The calculations of Kramers and Eddington (7) are compared with experimental values in Table I . 
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The theory predicts an order of magnitude more recombination than is observed; it predicts the relative values of a in going from He to A quite accurately. The capture condition, that an electron which radiates its initial kinetic energy is trapped, is a minimum condition. If one were to impose more stringent capture conditions, the discrepancy between theory and experiment would be reduced.
VI. Discussion
The theories of recombination all predict an energy dependence for a. The measurements in neon show no energy dependence while measurements in hydrogen indicate an energy dependence in agreement with the present theory. The better agreement between the present theory and experiment compared to the previous quantum mechanical theories suggests that transitions to high-lying excited levels play an important role in recombination between thermal electrons and ions. A quantum mechanical theory which accurately takes into account this process is necessary.
The measured recombination coefficients for monatomic and diatomic gases lie in the -8 -6 range 10 to 10 cc/ion-sec. These values are several orders of magnitude greater than previous experimental values and are of the order of previously reported values of positive ion-negative ion recombination coefficients. In the present experiment, the apparatus is sensitive only to the removal of electrons, so that the recombination coefficients reported here are for positive ion-electron recombination.
The gas samples used were obtained from the Air Reduction Sales Company. The vacuum system was of glass and quartz and used a mercury McLeod gauge and a mercury cutoff. The system was thoroughly outgassed before each run and held for several hours at 10 7mm Hg when isolated from the pumps. The helium and neon samples were purified by a liquid nitrogen-cooled charcoal trap while the other gases were passed through two liquid nitrogen traps.
